The otter board is a vital component of single trawl system, of which the hydrodynamics can directly affect the trawl operation and catch performance. This paper studied the hydrodynamics of the rectangular otter board using numerical simulation, and the simulation accuracy was verified by flume tank experiment. In addition, the effect of different water layers on the hydrodynamics of the otter board is also studied. Experiment results show that the rectangular otter board has the maximum lift coefficient 1.070 with the flow angle attack at 40°. Simulation results have the similar tendency with experiment results, the simulation results of maximum lift coefficient is 1.227 (α=40°), which is similar to the experiment results, and the flow angle is the same as experiment results. Simulation study of different water layers show that the maximum lift coefficient and the critical angle in the free stream is bigger than that of in the bottom. The results can provide basis for the angle setting of the otter board while operating.
Introduction
Single trawling is one of the main fishing modes widely used in fisheries for its activeness, flexibility and efficiency. The otter board, which is directly related to the horizontal expansion of fishing net and consequently affects the fishing efficiency, and economic effectiveness of the single trawl, is a vital component for the single trawl system. According to the previous study, the resistance of the otter board accounts for up to 30% of the total-system drag, which is ranked second, just less than the wing-net resistance [1] . Therefore, research on the hydrodynamic performance of the otter boards has great significance for energy saving in fishery and extensive investigations about the hydrodynamics of the otter board have been carried out during the past decades [2] [3] [4] . Generally, the model tests and sea-trials were two main measures to study the hydrodynamic characteristics of the otter board for many years. However, these methods are time-consuming and costly. Computational fluid dynamics (CFD), a numerical method for solving the equation of fluid mechanics, has been developed rapidly with the progress of computer technology. Having the advantages of low cost and being able to simulate more complex situations, it has been widely used in the development and designation of ships and artificial reefs [5, 6] . And now, researchers begin to study the hydrodynamic properties of otter boards using numerical simulation [7, 8] .
The otter board has many types (i.e. rectangular otter board, V-type otter board, etc.), among which the rectangular otter board is widely used in the shrimp trawl. The hydrodynamics of the rectangular otter board is studied in the present work by flume model experiment and numerical simulation. In addition, the effect of different streams on the hydrodynamics of the otter board is also simulated. The results can provide basic data for the productive practice of the otter board.
Materials and Methods

Flume Tank Experiment
The prototype otter board for the experiment is a rectangular otter board which is used in small single trawl, with a power of 15kW and working at 2kn. The otter board is made of iron and wood, and its main dimensions are given as follows: the wing span l 1 =0.4m, the chord c 1 = 1.0m and the aspect ratio λ= 0.4. The model otter board is designed based on the Froude's law and its main dimensions are: l 2 =0.2m, c 2 = 0.5m, λ=0.4. The conversion equation is given as follows:
Where l is the wing span, S is the plane area, u is the flow velocity and s is the scale ratio. The subscript '1' represents the prototype while the subscript '2' stands for the model. The scale ratio used in the present work is set to s = 2 according to the size of the flume tank.
Model tests were performed in a circulating tank at the Ocean University of China (test section: length 4.0m, width 1.2m, and water depth 1.0m) from Mar 28 th to Apr 5 th in 2015. The flume tank is equipped with Vectrino current meters (range: 0~2 m/s, accuracy: ±0.5%) and a force sensor of six-component (range: 0~50 kg, accuracy: 0.3%).
The otter board is fixed to the bottom of the six-component force sensor through supporting rods. The whole system can be rotated to form an angle of attack (AOA) relative to the direction of the flow. During the experiment, the otter board is located at a distance of 1.5m from the flow entrance of the flume and a depth 0.15m beneath the water surface. The layout of the model test is shown in Fig.1 .
During the experiment, the flow velocities of tests varies from 0.3m/s to 0.7m/s (at an increment of 0.1m/s) and the angles of attack (AOA, α) is changed in the range of 10°50° (with a step of 10°). In addition, the flow velocity is measured at six points, which are all positioned on the center plane of the tank with a depth of 0.15m for the odd-numbered stations and 0.35m for the even-numbered ones. The horizontal interval between stations is 0.50m with the front two stations (No.1 and 2) located at a distance of 2.0m from the entrance. And the obtained data is processed according to the following equations:
Where F L and F D , i.e. the force component perpendicular or parallel to the income flow, are the measured lift and drag forces respectively, ρ is the fluid density, S is the plane area of the otter board, u is the actual velocity of incoming flow, R e is the Reynolds number, c is the chord of the otter board and v is the kinematic viscosity of fluid.
Fig.1 The Layout of the Otter Board
Numerical Simulation
The numerical simulation is carried out by CFX analysis (realizablek~εmodel) contained in the software ANSYS 15.0. To make it consistent with the flume model test, the testing section of the tank is taken as the calculation domain (4m×1.2m×1m) and the otter board is located at the same position as in the flume tank experiment. The computational domain and boundary conditions are shown in Fig.2 .
The fluid is assumed to be incompressible. The velocity at the inlet boundary is assumed to be a uniform flow in the x-direction while the relative pressure is set to 0 Pa at the outlet boundary. The turbulence is set to 5% and the otter board is assumed to be no-slip wall. The other boundaries are no-slip wall by default. The total number of meshes and nodes are approximately 1.64×10 6 and 4.25×10 5 respectively. The grids around the otter board are intensified by controlling the facing size.
Fig.2 Calculation Domain and Boundary Conditions
Results
Based on the experiment data, the drag, lift coefficient is calculated according to Eq.2 & Eq.3 and the Reynolds number is calculated by Eq.4. The relationship between lift, drag coefficients and Reynolds number of rectangular otter board for each angle of attack are presented in Fig.3 . The drag coefficient decreased slightly with an increase in the Reynolds number at an angle attack of 10° and 20°, the lift coefficient decreased slightly with the increase of Reynolds number at an angle of attack of 30°. For the other angles of attack, the hydrodynamic coefficient shows almost constant values with the increase of Reynolds number. Therefore, the self-modeling region of Reynolds number for the otter board is 1.32×10 5~3 .07×10 5 , and the values used in the subsequent analyses were in the average value at every angle of attack in the experiment flow velocity range.
Fig.3 Relationship between Lift, Drag Coefficients and Reynolds Number of Model Otter Board for Each Angle of Attack
The Hydrodynamic Forces
Presented in Table 1 is the lift/drag force acting on the otter board at a velocity of 0.6m/s. The data shows that the simulation results of CFX are close to the experiment results. For the drag force value, the CFX simulation has a relative deviation of -14.3% ~ 1.9% comparing with the experiment data and the average relative deviation is -10.29%. For the value of lift force, the CFX simulation has a relative deviation of 12.8% ~ 20.6% with an average deviation of 16.6%. 
Relationship between Hydrodynamic Coefficient and Angle of Attack
The lift/drag coefficients (C L and C D ) against the angle of attack are plotted in Fig. 4 , which is the average value of hydrodynamic coefficients in the self-modeling region of Reynolds number. It shows the drag coefficient decreases with the increasing of angle of attack, while the lift coefficient increases first and then decreases. And the maximum lift coefficient (C L-MAX ) is 1.070 at an angle of attack of 40°. The simulation results have a similar tendency with the experiment results for both drag coefficient and lift coefficient. And the simulated C L-MAX is 1.227, which is slightly higher than the experiment value but the angle of attack is almost the same as the experiment result. 
The Lift-drag Ratio of the Otter Board
The lift-drag ratio is ratio of lift coefficient to drag coefficient, which represents the efficiency of the otter board and is a main parameter for the performance of the otter board. The relationship between lift-drag ratio and angle of attack is shown in Fig.5 .The experiment data shows that the lift-drag ratio decreases with the increasing of the angle of attack, and maintains a high value (higher than 1.5) while the angle of attack in the range of 10°25°.The CFX simulation for lift-drag ratio has a similar tendency with the experiment results, and it is a little higher.
Fig.5 The Relationship between Lift-drag Ratio and Angle of Attack
Simulation Results of Fluid Velocity
The data of fluid velocity, measured or simulated at station No.1 and 5, is presented in Table 2 
Effect of Water Layers
In view of the above data, the results of numerical simulation show good agreement with those of flume tank experiment; therefore, the effect of different water layers on the hydrodynamics of the otter board is studied using numerical simulation. The otter board is set to the bottom and the free stream of the water in the present study, and the results are plotted in Fig. 6 . It shows that the water layer has a slight effect on the drag coefficient and affects the lift coefficient greatly. While the otter board is in the free stream, the C L-MAX is 1.227 at an angle of attack of 40°, which is bigger than that of in the bottom (C L-MAX =1.108, 30°). And the value of C L-MAX in the bottom reduced by 10% compared with that of in the free stream. 
Discussion
The flume tank experiment obtained that the self-modeling region of Reynolds number for the model otter board is 1.32×10 5~3 .07×10 5 , which shows that the hydrodynamics of the model otter board is agreement with that of the prototype otter board according to the research of Chen [9] .The experiment results show that the C L-MAX of this otter board is 1.070, which is less than that of the V type otter board (C L-MAX =1.31 [2] ) and vertical cambered V type otter board (C L-MAX =1.509 [4] ). Hence, it has a poorer hydrodynamic performance, while it has the advantages of simple structure, good stability and low cost, it is widely used in the single trawl along china's costal sea. Consequently, the optimization of the parameters for this otter board is needed in the further study.
The validation of the numerical simulation shows that the simulation results good agreement with the experiment results both in the hydrodynamics and the velocity. In addition, the effect of different water layers shows that the otter board has a better performance when it is in the free stream, which is agreement with the research of Park [10] . Therefore, the CFX simulate model can be used to study the hydrodynamic of the otter board and the flow distribution around the otter board. 
